In the preceding paper, the use of the closed rebreathing circuit for measuring residual air was discussed and tested to determine the possible error due to imperfect gas mixture within the lungs. It was found that such an error was probably present not only in all cases of severe pulmonary emphysema, but also in some normal subjects with large residual air. Some of the reasons for the inadequacy of the closed circuit measurements are apparent from analysis of the essential features of such a circuit. In the first place, the inspiratory gas mixture is always changing. Thus there would appear to be no sustained equilibrium between spirometer and lungs. As soon as equilibrium is approached for one concentration of the breathing mixture, the inspiratory gas has already changed. This change is most marked when the spirometer volume is allowed to diminish as oxygen is absorbed. McMichael's technique of replacing the oxygen, as tested by us, did not remove the discrepancies due to poor mixing within the lungs. Furthermore, such a procedure introduces further technical difficulty and fails to change the fact that the inspiratory gas is still varying, at the start, until approximate equilibrium is reached. In our experience, the adjustment of a proper flow of oxygen for replacement was difficult even in normal subjects. In subjects with arterial oxygen unsaturation, the maintenance of a constant volume in the closed circuit was practically impossible due to the oxygen deficit and resultant changing rate of oxygen replacement necessary.
The second difficult feature of closed circuit measurements is the exact calculation of the oxygen absorbed. The tracings in abnormal and even in some normal subjects are often so irregular that an exact base line cannot be drawn, yet the calculation demands accuracy in this detail.
Thirdly, with the usual closed circuit technique the net change in lung nitrogen concentration is rarely more than three-tenths of an atmosphere. With such a figure, any error in alveolar measurement (or in the assumed values) is magnified at least three-fold in the final residual air value.
To avoid these three points of difficulty, an open circuit method has been devised, with pure oxygen as the breathing mixture. In such a procedure, the subject is allowed to breathe oxygen for a period of time sufficient to wash practically all the nitrogen out of the lungs. For this period all the expired gases are collected and finally measured and analyzed for nitrogen. It will be seen that the inspiratory gas is absolutely uniform throughout and that there is no need to obtain a smooth breathing curve once the oxygen breathing has been started at a definite point in the breathing cycle. As in the closed circuit, the concentrations of gases in the pulmonary spaces at start and end are estimated by alveolar specimens, yet here the simpler features of the procedure make these measurements less subject to error. Furthermore, since the net change in alveolar nitrogen is approximately eight-tenths of an atmosphere, the effect of errors in these measurements will not be greatly magnified in the course of calculation.
Thus the only errors that are to be anticipated in this method are those due to failure of the alveolar measurements to represent the mean value of residual air nitrogen. It is possible to predict the probable direction of such error. Except in unusual circumstances, the alveolar specimens in cases of poor distribution will tend 609 to represent the well aerated portions of the lungs, and to neglect the relatively poorly aerated regions. Thus, in estimating the lung nitrogen concentration on room air breathing at the start, the alveolar specimen obtained may be lower in nitrogen than the average in the lung. Similarly, the alveolar specimen after a period of oxygen breathing may fail to tap some nitrogen still present in the poorly aerated regions and so be somewhat too low as measured. If breathing is continued long enough, the latter error should be gradually reduced, since it is obvious that eventually all the nitrogen will be washed out. The expression used in the calculation is the difference of the two alveolar values, "alv. a -alv. p." The likely error in each is a negative one. If the errors are equal, they will cancel each other. However, since that in "alv. p" is probably very slight, the expression "alv. a -alv. p" may be too small. Since this expression is the denominator of a fraction in the calculation, the final value for functional residual air by this method could be somewhat too large.
To take an example, an alveolar specimen in a case of emphysema might give a value of 82 per cent of nitrogen, when the average of all residual air nitrogen is actually 84 per cent. At the end of the period of oxygen breathing, let us say that the mean nitrogen of the residual air is 6 per cent. If the alveolar specimen as measured gives 4 per cent of nitrogen, then the alveolar difference (0.82 -0.04) will be the same as the true difference of nitrogen concentrations in the residual air (0.84 -0.06), the two errors thus cancelling. It is difficult to see how an error of method larger than 5 per cent would be likely from this source.
An attempt has been made to test for the presence of such an error. This test, analogous to that used for the Christie method in a previous paper, consists of a similar type of experiment in which the expired gases are collected during a period of breathing room air immediately following prolonged oxygen breathing. In other words, first all the nitrogen is washed out of the lungs; then, during a subsequent period of room air breathing, the amount of retained nitrogen in the lungs is measured.
Such a procedure is really a reversal of the oxygen breathing experiment, in so far as the direction of the nitrogen shift is concerned. In this case, errors in alveolar measurement will cause an effect of opposite sign in the value obtained, as can be seen from analysis of the factors involved. Here the expression " alv. p -alv. a " is the denominator of a fraction in the calculation. Alv. d, measuring the small nitrogen concentration after oxygen breathing, may possibly neglect nitrogen still trapped in the poorly aerated regions. Thus it is too low, if at all wrong. Similarly, alv. p, taken after a subsequent period of room air breathing, may be too high in nitrogen, since there may be some higher oxygen mixture still in the poorly aerated lung spaces. Thus the difference, "alv. p -alv. a," may be definitely too high, and from this, the residual air value too low. In contrast to the oxygen breathing experiment, from predictions in this case a cancellation of errors in alveolar measurements will be unlikely. Therefore it may be expected that this second open circuit method will be more likely to give erroneous results than the first method. At the same time, the valve (V2) was turned to close the inspiratory side of the circuit. The alveolar sample was taken at the end of approximately five seconds of expiration and V2 then reopened. This sample, designated "alv. a," was thus a Haldane-Priestley alveolar sample and represented an attempted measure of average lung gas concentration on room air breathing.
Following this sampling, at least two minutes of room air breathing were allowed in order to restore quiet breathing. Then V3 was turned to direct the oxygen flow of the main circuit into the gasometer and V1 was turned to the main circuit at exactly the end of a normal expiration. By watching carefully the respiratory rhythm for the few previous breaths, this latter valve turn could be made accurately at the desired moment.
For the next seven minutes of oxygen breathing the expired gases were collected in the gasometer. During this time, the oxygen flow was maintained to keep the bag (B1) about one-half full. The period of seven minutes was the standard one used. Results of trials with longer periods will be presented to show that seven minutes is probably adequate.
At the conclusion of the seven minutes, the valve (V1) was again turned to the side circuit, this time at any point AIv 611 I during expiration, preferably near the beginning. At the same time, the subject was instructed to expire fully for an alveolar sample. For this, as for all alveolar sampling, the valve (V2) had been turned to close the inspiratory arm of the side circuit. This alveolar sample, designated "alv. p," was taken at approximately five seconds of expiration as before.
Following this, the patient was disconnected and the main circuit flushed out with 5 to 10 liters of oxygen, the wash gas being allowed to mix in the gasometer with the collected expired gases. The valve (V,s) was next turned to close the entire gasometer contents, whose volume and the temperature were then recorded. A sample was taken from the gasometer for analysis within one to two minutes, after first flushing out the inlet and outlet pipes of the gasometer proper with the collected gases. This sample will be designated as " Tissot" sample in future references.
An approximation of the dead space of the gasometer was necessary for the final calculation. It will become apparent from the calculation to be discussed that this need only be an approximation. With the procedure as outlined, the effective dead space consisted only of the gas space under the bell when fully lowered. The dimensions of this space were measured and its volume calculated geometrically. The volume of the tubing did not need to be considered, since it was filled with oxygen at both the start and the end of the experiment.
Each experiment required the analysis of three gas samples, two "alveolar" and one "Tissot." In addition, the contents of each new oxygen tank required analysis for the small amount of inert gases. All gases were analyzed with a Haldane gas analysis apparatus. In the case of the samples of very high oxygen content, the dilution method was employed, as described in the first paper of this series. (The Van Slyke-Neill manometric apparatus can also be used for gas analysis.) Analysis of the alveolar specimens required an accuracy of only 0.1 to 0.2 per cent, so that possibly a simpler method might be employed. However, a high degree of accuracy was necessary in the analysis of the Tissot sample. In all cases the analyses were done in duplicate to check within 0.05 per cent. All analyses were reported as decimal fractions of an atmosphere of nitrogen, as dry gas.
CALCULATION
The first step in the calculation requires an expression for the total nitrogen in the expired gas in excess over that inspired. The volume of expired gas is known, but that inspired unknown. However, the nitrogen content of the inspired gas is so low that no significant error is involved by assuming that the inspired volume equals the expired volume. The gasometer volume obtained and corrected to dry gas at standard temperature and barometric pressure will be designated as V0. To this the measured dead space volume (D.S.) has been added for the calculation. Then (1) Total excess N2 in gasometer = ( Vo+D.S.)(" Tissot" N2-"02 tank " N2).
Of this, a part has come from nitrogen originally in the lung spaces, a further part from excreted nitrogen from the blood.
(2) N2 from functional residual air (F.R.A.) = (Vo+D.S.) ("Tissot " N2-"02 tank" N2)-N2 excreted.
Also ( The reversed procedure used to test these results was somewhat more complicated in practice but similar in principle. In this case the bag (B1) was replaced with an inlet tube from outside air. The bag (B2) was in place and connected with an oxygen tank. In preparation the main circuit and gasometer were thoroughly washed with room air. The subject was attached to the mouthpiece with valve V1 open to the side circuit and an oxygen flow of 4 to 5 liters per minute in that circuit. Quiet breathing of oxygen was maintained for ten minutes. At the end of that time, an alveolar specimen was taken in the usual manner and quiet oxygen breathing was resumed in the same circuit for two further minutes. This alveolar specimen was designated as "alv. a " and considered as a measure of lung gas concentrations two minutes later, since it had been found by a series of tests that the alveolar nitrogen value during oxygen breathing reached a plateau value after ten minutes or less in both normal subjects and patients with emphysema, the maximum change in alveolar nitrogen from tenth to twelfth minute being less than 1 per cent.
At the end of the complete twelve minutes of oxygen breathing, the valve (VI) was turned to the main circuit exactly at the end of a normal expiration. The expired gases were then collected for a seven-minute period (or longer) of room air breathing, after which an alveolar specimen was taken in the side circuit as before. The tubing of the main circuit was then flushed into the gasometer with 5 to 10 liters of room air, the valve (V,) closed, and the gasometer voltime and temperature read. A gasometer sample was taken promptly as before, after first flushing out the tubing of the gasometer itself with the first part of the collected gas.
As in the previous procedure, there were 
RESULTS
The subjects for this study were selected by the same criteria as those in the preceding paper. There were four normal subjects, including the two in whom the closed circuit method gave doubtful results. In all there were ten patients with severe pulmonary emphysema, of whom six were included in the series of the previous paper. These six were studied by both of the new methods described. (Table I ). This will demonstrate whether the slowness or poorness of distribution of respiratory gases, in any given case, is sufficient to invalidate the technique used. (Table III) . This will provide, for any given case, a criterion as to whether the various sources of error in the Christie method do actually cancel out, leaving a residual air value comparable with that of the open circuit method. In this comparison it will be important to note not only the difference of average results, but also to compare the range or reproducibility of results by the two methods. Among the four normal subjects, it will be seen that all agree within 200 cc. These include the two subjects, D. W. R. and R. C. D., who showed 500 and 900 cc. difference, respectively, with the two closed circuit methods. Thus it may be seen that in this group of normal subjects there is no evidence of serious error due to maldistribution in the open circuit methods.
It may be noted that the open circuit methods in the case of J. L. give somewhat poorer agreement than the closed circuit. The reason for this is not entirely clear. It seems probable, however, that the error lies in the increasing lung nitrogen method. In the case of small subjects, the assumed A V factor in this method has a much larger relative influence on the result than in larger subjects.
Considering now the six abnormal subjects, it will be seen that the first four show satisfactory agreement between the two methods. Agreement within 10 per cent may be considered satisfactory. The fifth subject, D. H., showed a 13 per cent difference by the standard seven-minute test. Using a twelve-minute period, however, there was good agreement. It should be noted that the only significant change by the twelveminute test was an increase in the result by the second method. This is a part of the evidence which leads to the tentative conclusion that a seven-minute period is adequate for the decreasing lung nitrogen method.
The sixth subject is the only one in whom agreement could not be reached. This case will be discussed in detail later.
The striking difference between the open and closed circuit methods, tested by analogous procedures, is shown in the last two columns, which may be considered as comparative indices of the influence of poor mixing on the results. It will be seen that, in every instance among the abnormal subjects, the index shows much better agreement by the two open circuit techniques. per cent. At-the time of testing, he was practically bedridden because of dyspnea, though this symptom varied considerably from day to day. As shown in Table II , there was a considerable variation in values obtained for functional re-sidual air in this subject in experiments continued over a month's time. It will be noted, however, that the figures by the decreasing lung nitrogen technique are rather consistent, considering that the subject's clinical state varied considerably from one day to the next. It was the increasing lung nitrogen technique which gave the wider variations, and these figures generally are lower than the other group. This is the type of error which is to be expected (see above) with the increasing nitrogen technique, when intrapulmonary mixture is extremely poor. Furthermore, by prolonging the period of breathing such an error should become less, and Table II, in the second column, shows a clear tendency for the figures in the eleven-and twelve-minute period to be higher than the seven-minute period. In the first column, little difference is noted with prolongation of the breathing period. Among the normal subjects, the first two gave results in close agreement by the modified Christie and the new methods, as expected from the fact that previous analysis indicated both methods were reliable. In the case of the third subject, D. W. R., with whom the closed circuit could not be proved reliable, still the two circuits gave practically the same results. It is apparent here that in the standard closed circuit method there must have been a fair balance of the various errors which were mentioned.
In the case of the fourth subject, R. C. D., in whom also the closed circuit gave doubtful results, the open circuit gave significantly lower results with less variability on successive tests, and with a good agreement with both open circuit techniques. Thus it would seem here that the standard closed circuit method gave an erroneously high value.
The group of abnormal subjects includes ten patients. The last two of these were unusual cases, however, and will be presented in detail in a later tabulation.
Considering for the moment the first eight subjects only as far as a comparison of the average results, it will be seen that the first six show insignificant differences between average open and closed circuit results. As before, a difference of less than 10 per cent is considered insignificant. In the seventh case, F. H., and more markedly in the eighth case, H. K., the closed circuit values are significantly higher.
It is probably important that these two subjects had the greatest pulmonary disability of the group.
Let us next note the reproducibility of results by the two methods in these same eight patients. In two of them, A. M., and J. C., the open circuit shows much less difference in successive tests. The other subjects either showed a similar range or else the data are insufficient to determine the range. It should be mentioned that the range of values in many of the subjects probably reflects not only the accuracy of the method, but also the actual volume variation from day to day. It is thus apparent that the new method can be used with some assurance of reliability in a larger group of abnormal subjects in whom such measurements are notoriously difficult. It would seem that this point is its chief practical justification, in addition to the theoretical advantages mentioned.
Even in our small group of subjects, however, there were two unusual cases in whom both methods gave variable results. A part of this was undoubtedly due to actual change in the volume, but still it leaves two exceptions in whom the reliability of the method could not be proved. In such cases it would be desirable to have a method in which no problem of mixing is involved.
Our primary interest has been the identification and quantitation of disturbances in mixing. Both an increase in the residual air and a disturbance in mixing may add to the pulmonary disability in cases of emphysema. In cases where the maldistribution factor is large, the closed circuit method may give a value which represents the true functional residual volume plus an increment that is actually an error of method due to poor mixing of intrapulmonary gases. This factor of disturbed distribution is probably a large one in contributing to the pulmonary disability in emphysema. Therefore, it is important to differentiate it from the effect of a mere increase in the residual lung volume 3. It is possible with the new method to distinguish more surely the factor of imperfect gas distribution from that of excessive residual lung volume in the evaluation of the disturbances associated with pulmonary emphysema.
